The genetic heterogeneity in cancer cells has an increased chance in the acquisition of new mutant such as drug-resistant phenotype in cancer cells. The phenotype of drug resistance in cancer cells could be evaluated by the number or function of drug transporters on cell membranes, which would lead to decreased intracellular anti-cancer drugs concentration. Caveolae are flask-shaped invaginations on cell membrane that function in membrane trafficking, endocytosis, and as a compartment where receptors and signaling proteins are concentrated. Caveolin-1 (CAV1) is the principal structural protein of caveolae and closely correlates with multidrug resistance in cancer cells. In a systematic study of the ubiquitinmodified proteome, lysine 176 of CAV1 was identified as a potential post-translational modification site for ubiquitination. In this article, we identified a mutation at lysine 176 to arginine (K176R) on CAV1 would interfere with the biogenesis of caveolae and broke the interaction of CAV1 with P-glycoprotein. Functional assays further revealed that K176R mutant of CAV1 in cancer cells increased the transport activity of P-glycoprotein and decreased the killing ability of anti-cancer drugs in non-small-cell lung cancer cell lines.
The plasma membrane of cells consists not only of a uniform phospholipid bilayer but also of a dynamic assembly of a variety of different lipids and proteins, including small (10-200 nm) sphingolipid-and cholesterol-enriched components termed "lipid rafts" 1 . Caveolae are flask-shaped invaginations on the lipid rafts that function in membrane trafficking, endocytosis, and as a compartment in which receptors and signaling proteins are concentrated to amplify specific signaling cascades. Caveolin-1 (CAV1) is the principal structural protein of caveolae and might function as a scaffolding protein to organize membrane signaling proteins within these structures 2 . CAV1 was initially identified as a 178-amino-acid (24 kDa) protein that forms oligomers at the plasma membrane, which are structural and functional elements of caveolae 3 . CAV1 interacts with itself to form homo-oligomers, and these oligomer/oligomer interactions then produce an interlocking network of CAV1 molecules that contribute to the basic structure of caveolae 4, 5 . In a systematic study of the ubiquitin-modified proteome, lysine 176 of CAV1 was identified as a potential post-translational modification site for ubiquitination. However, the function of CAV1 ubiquitination at lysine 176 remains unknown 6 . Chemotherapy primarily fails due to the emergence of cellular resistance to anti-cancer drugs. After exposure to an anti-cancer drug, cancer cells can become simultaneously insensitive to unrelated drugs. This phenomenon is called multidrug resistance (MDR). Some studies have shown that CAV1 expression closely correlates with the development of MDR in cancer cells. High levels of CAV1 were observed in a number of MDR cancer cell lines, such as adriamycin-resistant MCF-7 breast adenocarcinoma cells and colchicine-resistant HT-29 colon carcinoma cells 7 . However, an increasing number of studies indicate that an elevated level of CAV1 is not the only cause of MDR 8, 9 . Therefore, we hypothesized that the post-translational modification of CAV1 might contribute to the emergence of MDR in cancer cells.
MDR is a serious problem in chemotherapy for cancers. Several ATP-binding cassette (ABC) efflux transporters that pump anti-cancer drugs out of cancer cells are the main transporters responsible for MDR, such Scientific RepoRts | 6:20486 | DOI: 10.1038/srep20486 as P-glycoprotein, MDR-associated protein 1 (MRP1/ABCC1) and breast cancer resistance protein (BCRP/ ABCG2) 10 . Although P-glycoprotein is reportedly located in lipid rafts and associated with CAV1 11, 12 , the influence of the interaction between CAV1 and P-glycoprotein on the development and progression of MDR in cancer cells is largely unknown. In the present study, we found that the post-translational modification site of CAV1 at lysine 176 influenced the formation of CAV1 oligomers and the interaction between CAV1 and P-glycoprotein, which also affected the transport activity of P-glycoprotein in non-small-cell lung cancer cell lines. Our results suggest that the post-translational modification site of CAV1 at lysine 176 influences the drug transport activity of P-glycoprotein and the drug sensitivity of lung cancer cells.
Results
Lysine 176 mutation influences the oligomerization of caveolin 1. CAV1, a 178-amino-acid protein that contains 12 lysines in distinct functional domains, is localized in caveolae and acts as an integral membrane protein. It is also a major assembly protein of caveolae. CAV1 contains a central hydrophobic transmembrane domain that is anchored inside the membrane, with both the N and C termini located in the cytosol. According to previous studies, mono-ubiquitin modifies CAV1 at lysines 5 to 65 in the N-terminal domain for vesicle trafficking. However, CAV1 is also ubiquitinated at lysines other than those in the N-terminal region 5, 13, 14 . According to the global proteomic analysis performed by Kim et al. lysine 176 (K176) could also be the acceptor site for ubiquitin 6 . To identify the function of the ubiquitination of K176 in CAV1, we prepared a V5-tagged lysine 176-to-arginine (K176R) mutant of CAV1 for further analysis. The overexpression of the K176R mutant of CAV1 in HEK293 cells clearly decreased the oligomerization of CAV1 (Fig. 1a) . We also transduced the K176R mutant of CAV1 into three other cancer cell lines, including NCI-H460 (non-small-cell lung carcinoma), A549 (non-small-cell lung carcinoma) and RAW264.7 (murine macrophage cell line), using a lentiviral system in order to confirm the impairment of oligomerization of CAV1 in cells transduced with CAV1 K176R mutant. We examined the formation of CAV1 oligomers in NCI-H460 cells and A549 cells after treatment with doxorubicin. The formation of CAV1 oligomers was again significantly decreased both in NCI-H460 and A549 cells that were transduced with the CAV1 K176R mutant (Fig. 1b,c ) Lipopolysaccharide (LPS) treatment of macrophages has been reported to induce the expression of CAV1 and enhance the formation of CAV1 oligomers 15, 16 . Therefore, we transduced either the wild-type or the K176R mutant of CAV1 into RAW264.7 cells and examined the formation of CAV1 oligomers after treatment with LPS. We found that the formation of CAV1 oligomers after LPS treatment significantly decreased in RAW264.7 cells that were transduced with the CAV1 K176R mutant (Fig. 1d) . Taken together, these data indicate that the K176R mutant of CAV1 hindered the formation of CAV1 oligomers, which might affect the function of caveolae.
CAV1 K176R mutation enhances drug resistance via P-glycoprotein. The development of MDR is a serious problem for patients undergoing chemotherapy. Several ABC efflux transporters that pump chemotherapy drugs out of cancer cells participate in MDR, such as P-glycoprotein, MRP1/ABCC1 and BCRP/ABCG2 17 . CAV1 has been shown to contribute to MDR, and abnormal levels of CAV1 can lead to a functional change in multidrug transporters in cancer cells 12, 18, 19 . To investigate whether the CAV1 K176R mutant influenced the function of these multidrug transporters, we used an eFluxx-ID Gold MDR assay to quantify the function of the drug transporters by flow cytometry. The eFluxx-ID Gold MDR assay indicated elevated levels of cellular fluorescence due to the trapped fluorescence dye in cells following treatment with multidrug transporter inhibitors. After treatment with MK-571 (a MRP1 inhibitor) or novobiocin (a BCRP inhibitor), the fluorescence intensity did not differ among NCI-H460 cells that were transduced with wild-type CAV1, the CAV1 K176R mutant or the vector control (Fig. 2b,c) . However, treatment with verapamil (inhibitor of P-glycoprotein) did not inhibit the function of multidrug transporters in NCI-H460 cells that were transduced with the CAV1 K176R mutant. This finding indicated that the efflux of the eFluxx-ID gold fluorescent dye was increased in cells that were transduced with the CAV1 K176R mutant compared with cells that were transduced with wild-type CAV1 or vector control (Fig. 2a) . The inhibitory effect of verapamil, an inhibitor of P-glycoprotein, was not evident in cells that were transduced with the CAV1 K176R mutant. According to the published literature, the overexpression of CAV1 reduces the function of P-glycoprotein 9, 20 . We examined the surface expression of P-glycoprotein, which did not significantly differ between cells that were transduced with wild-type CAV1 or the K176R mutant, irrespective of doxorubicin treatment (Fig. 2d) . These results suggested that the K176R mutant of CAV1 neutralizes the inhibition of P-glycoprotein by CAV1. Doxorubicin, an anti-cancer drug, is one of the substrates that are transported by P-glycoprotein, which decreases the intracellular drug concentrations by transporting the drugs out of the cells and consequently reduces cytotoxicity 21 . To evaluate the cytotoxic effect of doxorubicin in H460 cells that were transduced with either wild-type CAV1, the K176R mutant or the vector control, cells were seeded into microplates and incubated with various concentrations of doxorubicin. The cell viabilities were determined using the WST1 assay. The highest and lowest viabilities were observed for cells that were transduced with the CAV1 K176R mutant and wild-type CAV1 treated with 0.1 to 100 μ M doxorubicin, respectively (Fig. 2e) . We performed the same experiment in A549 cells, a human lung adenocarcinoma epithelial cell line, and obtained similar results: cells that were transduced with the CAV1 K176R mutant were more viable than wild-type CAV1-or vector-transduced cells (Fig. 2f) . Thus, both H460 and A549 cells transduced with the CAV1 K176R mutant are less sensitive to the cytotoxic effects of doxorubicin. Cisplatin, another chemotherapy agent that is used to treat lung cancers, is not a P-glycoprotein substrate. However, cisplatin can induce changes via a P-glycoprotein regulatory pathway, which confers a partial loss of cisplatin cytotoxicity 22, 23 . To evaluate the effects of the CAV1 K176R mutant on the cytotoxicity of cisplatin, we performed experiments similar to those described above but treated the transduced cells with cisplatin rather than doxorubicin. As shown in Fig. 2g ,h similar results were obtained: cells that were transduced with the CAV1 K176R mutant were more viable than cells transduced with either the vector control or wild-type CAV1. Paclitaxel was one of the substrates of the P-glycoprotein. H460 and A549 cells transduced with CAV1 or CAV1 K176R were used to determine the viability of the cells after treatement with paclitaxel. The results were similar to the treatment with doxorubicin or cisplatin and cells transduced with CAV1 K176R mutant possessed higher resistance to anti-cancer drugs (Fig. 2i,j) . In summary, both the NCI-H460 and A549 cell lines transduced with the CAV1 K176R mutant were less sensitive to the cytotoxic effects of doxorubicin and cisplatin. The overexpression of CAV1 in cells reportedly inhibits the function of P-glycoprotein 9, 20 . Therefore, we hypothesized that the CAV1 K176R mutant neutralizes the inhibition of P-glycoprotein by CAV1.
K176R mutant influences the interaction between CAV1 and P-glycoprotein. According to the literature, CAV1 can bind to P-glycoprotein and inhibit the transport activity of P-glycoprotein 24, 25 . To evaluate the effect of the K176R mutant on the interaction between CAV1 and P-glycoprotein, we next examined their Figure 1 . The K176R mutation of CAV1 impaired oligomerization. (a) HEK293T cells were transfected with either V5-tagged CAV1 (WT), CAV1 K176R mutant (176R) or CAV1 all K to R mutant (KR), in which all 12 lysines were mutated to arginine and served as a negative control. Oligomerization was determined by immunoprecipitation with anti-V5 antibody. 5-10% gradient SDS PAGE gels were used in the assay. (b-d) CAV1 or the CAV1 K176R mutant were expressed in the H460 lung cancer, A549 lung carcinoma and RAW264.7 leukemia cell lines by lentiviral delivery, and the cells were separately treated with doxorubicin (0.5 μ M) or LPS (100 ng/ml) at the indicated times. Oligomerization of the caveolae was detected using an immunoblot assay and 5-10% SDS PAGE gels were used in the assay.
Scientific RepoRts | 6:20486 | DOI: 10.1038/srep20486 protein-protein interaction by immunoprecipitation after treatment with the anti-cancer drug doxorubicin. A physical interaction between overexpressed CAV1 and P-glycoprotein has been previously reported 24 , and we confirmed the physical interaction between CAV1 and P-glycoprotein in H460 cell lines that were transduced with V5-tagged CAV1 (Fig. 3A) . Interestingly, no interaction was detected between the CAV1 K176R mutant and P-glycoprotein after treatment with doxorubicin. The CAV1 K176R mutant may abolish the inhibition of P-glycoprotein by CAV1 by reducing its interaction with P-glycoprotein. P-glycoprotein is an active membrane transporter that is responsible for pumping numerous compounds out of cells, and its function is influenced by interacting proteins 26 . To gain further insight into the influence of the CAV1 K176R mutant on the intracellular distribution of P-glycoprotein, H460 cells transduced with either wild-type CAV1 or the K176R mutant were treated with doxorubicin and analyzed by subcellular fractionation with iodixanol velocity gradients (OptiPrep, Sigma-Aldrich) (Fig. 3B) . Importantly, the distribution of P-glycoprotein in the CAV1 K176R mutant cells was significantly increased in the light buoyant density membrane fraction (fraction 2) after doxorubicin treatment. The subcellular distribution of wild-type CAV1 and the The quantification of doxorubicin fluorescence by confocal microscopy can reportedly be used to assay the pumping function of P-glycoprotein 27 . To confirm the effect of the CAV1 K176R mutant on the pumping function of P-glycoprotein, we treated either wild-type CAV1-or K176R mutant-transduced H460 cells with doxorubicin and used confocal microscopy to measure the fluorescence of doxorubicin that was retained inside the cells 27 . We observed reduced intracellular fluorescence in cells that were transduced with the K176R mutant compared with cells that were transduced with wild-type CAV1 following treatment with doxorubicin. After the subtraction of fluorescent signals in the nucleus, the fluorescence of doxorubicin in cells that were transduced with the K176R mutant was lower than in cells that were transduced with wild-type CAV1 (Fig. 4A,B) . In summary, the K176R mutant of CAV1 reduced the interaction between CAV1 and P-glycoprotein as well as the retention of doxorubicin in lung cancer cells, which could potentially transform cancer cells into MDR cells.
Discussion
The failure of chemotherapy in cancer patients has been linked to the presence and development of drug resistance in cancer cells. Potential mechanisms of drug resistance in cancer cells involve the MDR phenotype, which includes the increased expression or enhanced function of multidrug transporters. The microenvironment of cell membranes, in which multidrug transporters are located, might also influence the function of multidrug transporters 28, 29 . The essential protein CAV1 in caveolae has been shown to influence the MDR phenotype 30 . In the present study, we discovered that the K176R mutant of CAV1 decreased the formation of CAV1 oligomers. The C-terminal region (residues 151-178) of CAV1 has been reported to be an important domain for the formation of oligomer-oligomer interactions 4 . We also demonstrated that the CAV1 K176R mutant neutralized the inhibition of P-glycoprotein by CAV1. The development of MDR in cells is generally attributed to the increased surface expression of P-glycoprotein. Our data suggest that changes in the modification of CAV1 also play an important role in regulating the function of P-glycoprotein. This finding implies that the coordinated regulation of P-glycoprotein and CAV1 modification might be a general phenomenon in MDR cells.
In recent studies, CAV1 was found to colocalize and physically associate with P-glycoprotein between amino acid residues 36 and 44 11, 18 . It was also reported that P-glycoprotein activity was negatively regulated by the interaction with CAV1 20, 31 . Conversely, the mutation of the CAV1-binding motif of P-glycoprotein reduces the CAV1/P-glycoprotein interaction but also enhances the transport activity of P-glycoprotein 25, 32 . In the present study, we found that the interaction between CAV1 and P-glycoprotein was enhanced by doxorubicin but weakened when lysine 176 of CAV1 was mutated to arginine. The drug-pumping function of P-glycoprotein was also enhanced in cells that were transduced with the CAV1 K176R mutant. We found that the lysine residue of CAV1 significantly impacted the CAV1-mediated regulation of drug transporters. Some studies have indicated that CAV1 overexpression enhances drug resistance, which could be attributed to the usage of different cell lines or drugs 18 . We cannot exclude the possibility that the CAV1 K176R mutant alters post-translational modifications, such as ubiquitination, sumoylation or phosphorylation, to indirectly promote the transport activity of P-glycoprotein. However, few studies have simultaneously analyzed the functionality of the CAV1 and P-glycoprotein interaction. The present findings indicate a novel mechanism for the regulation of P-glycoprotein via the post-translational modification of CAV1.
CAV1 is the major structural protein of caveolae. The levels of CAV1 correlate with the number of caveolae. Conflicting results have been reported regarding the role of caveolins in the development of MDR. Enhanced CAV1 expression has been observed in human cell lines with MDR phenotypes, including colchicine-resistant HT-29-MDR and Taxol-resistant lung carcinoma 33, 34 . However, some MDR cells, such as J7.V1-1 and J7.T3-1.6, which are derived from murine macrophages, and Caco-V100, which is derived from human colon carcinoma cells, do not express high levels of CAV1 but express high levels of P-glycoprotein 34, 35 . In our study, we found that CAV1 expression exerted a mild effect on the drug sensitivity of in cancer cells. However, the cell viability and drug accumulation in CAV1 K176R-transduced cells significantly differed from those of wild-type CAV1-or vector-transduced cells.
Barakat et al. reported that CAV1 overexpression would inhibit the activity of P-glycoprotein and phosphorylation of CAV1 of its tyrosine-14 by Src kinase, which would be involved in the modulation of p-glycoprotein transport activity 36 .We checked CAV1 phosphorylation with anti-phospho-CAV1 (Tyr14) antibody (#3251, Cell Signaling, Danvers, MA) in SDS-PAGE (data not shown). We found that CAV1 K176R mutant did not alter the status of CAV1 phosphorylation, which indicates that CAV1 K176R mutant did not influence the function of P-glycoprotein through altering the status of CAV1 phosphorylation.
In summary, our data show that the CAV1 K176R mutant blocks the interaction with P-glycoprotein and abolishes the inhibition of P-glycoprotein by CAV1. These effects contribute to our understanding of the regulation of P-glycoprotein and drug resistance in cancer cells.
Methods
Reagents and antibodies. Doxorubicin and cis-diamminedichloroplatinum (cisplatin; CDDP) were purchased from Selleck Chemicals (Houston, TX). Pacilitaxel was obtained from Calbiochem (Darmstadt, Germany). DMSO was purchased from Sigma. V5-conjugated agarose and the primary antibody against V5 were obtained from Bethyl Laboratories (Montgomery, TX). Anti-P-glycoprotein for flow cytometry was provided by Biolegend (San Diego, CA). Antibodies against GAPDH, Rab5 and Clathrin were obtained from Cell Signaling Technology (Danvers, MA); P-glycoprotein was provided with Merck Millipore (Darmstadt, Germany). Plasmids. Full-length CAV1 cDNAs were amplified by PCR from mouse liver tissue and cloned into the pcDNA3.0 vector (Invitrogen, Carlsbad, CA) with the V5 tag to generate the pcDNA.V5-CAV1 construct. The pcDNA.V5-CAV1 lysine mutant constructs, lysine 176-to-arginine (K176R) and all lysine-to-arginine mutants (KR) were prepared using the QuickChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA), and pcDNA.V5-CAV1 was used as the cDNA template. V5-CAV1 and V5-CAV1 K176R were subsequently cloned into the pLKO-AS2 lentivirus-based vector (National RNAi Core Facility, Academia Sinica, Taiwan) for lentiviral production.
Lentivirus-mediated gene expression. HEK293T cells were transfected with either the AS2.V5-CAV1 or AS2.V5-CAV1 K176R constructs and the packaging plasmids pMD.G and pCMVR8.91 using Turbofect (Fermentas, Schwerte, Germany) according to the manufacturer's directions. Culture medium containing the lentivirus was collected 48 and 72 hours after transfection. H460, A549 and RAW264.7 cells were infected overnight with lentiviruses in the presence of 8 μ g/ml polybrene (Sigma-Aldrich, St. Louis, MO) and cultured in fresh medium for another 24 h. The infected cells were selected in medium containing 400-1000 μ g/ml puromycin until the uninfected cells were completely killed. The stable colonies were pooled together for further experiments.
Immunoprecipitation and immunoblotting. For oligomer detection, whole cells were lysed in 2% SDS buffer with 3% 2-mercaptoethanol and loaded in SDS PAGE without prior heating. Cell lysates were harvested and lysed in ice-cold lysis buffer containing 150 mM NaCl, 20 mM Tris-HCl, 1% Triton X-100, and protease and phosphatase inhibitor cocktail (Roche, Basel, Switzerland) and homogenized on ice in 1.5-ml microfuge tubes by sonication for 30 seconds. The protein concentrations were determined using the Bradford assay (Bio-Rad, Hercules, CA). Cellular extracts (200μ g) were incubated with the indicated antibodies overnight, followed by incubation with Protein A/G beads for 1 hour or antibody-conjugated beads overnight at 4 °C. The immunocomplexes were separated by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were then incubated with the indicated primary antibodies followed by incubation with an HRP-conjugated secondary antibody. Immunoreactive bands were detected using Western Lighting ® Plus-ECL (PerkinElmer, Waltham, MA).
Drug efflux assay of transduced cells. The cells were trypsinized, resuspended at 1 × 10 6 cells/ml in phenol red-free medium and incubated with the fluorescent probe eFluxx-ID Gold (ENZO Life Sciences, Lörrach, Germany) for 30 min at 37 °C according to manufacturer's recommendations in the presence of 5 mM verapamil, 10 mM MK-571, and 50 mM novobiocin. The samples were then analyzed immediately by flow cytometry. The eFluxx-ID Gold (λ ex/em = 530/555 nm) fluorescence intensity was measured using the FL2/PE (585/42 nm filter) channel. The gating of viable cells was based on the light scatter parameters.
Cell viability assay. H460 and A549 cells were plated in triplicate in 96-well plates at a density of 5 × 10 3 cells/well. After the cells had adhered to the plates, the drugs were individually added to the experimental groups at the final indicated concentration, and the same amount of drug dissolution medium was added to the control group. After 24 hours, the cell viability was evaluated using the WST1 (Roche Applied Science) viability assay. The viability was calculated as the ratio of the OD 450 Immunofluorescent flow cytometry of surface P-glycoprotein. Cells (5 × 10 5 per sample) were collected by centrifugation, washed with cold PBS and incubated with 100 μ l of the corresponding primary antibody (5 μ g/mL) for 1 hour. Post-incubation, the cells were washed twice with PBS/0.05% BSA, stained with secondary antibody at a 1:1000dilution for 30 min at 4 °C, washed again, re-suspended in PBS/2% paraformaldehyde and analyzed by flow cytometry. Cells stained with isotype-matched antibody or with secondary antibody alone were used as controls.
Preparation of subcellular fractions. Cells were scraped into ice-cold 0.5 M sodium bicarbonate and lysed by 20 strokes in a Dounce homogenizer followed by 10 passes through a 21-gauge needle. The membrane fraction supernatant was separated in a 0-40% Opti-Prep gradient layer (60% iodixanol, Sigma, St. Louis, MO) and then centrifuged for 4 hours at 20,0000 g in an SW41 Ti swinging bucket rotor centrifuge. A band of membranes was visible just below the 5% Opti-prep layer. This material was collected and used as the lipid raft fraction. Doxorubicin Intracellular Distribution and Accumulation. CAV1-and CAV1 K176R-expression H460 cells were seeded on coverslips in six-well plates and allowed to grow overnight. On the following day, the cells were washed with PBS, treated with 2.5 μ M doxorubicin for 2 hours, and then examined by confocal microscopy. Doxorubicin accumulation was determined using ImageJ.
Statistics. All data are expressed as the mean ± standard deviation of three or more experiments and were statistically evaluated using Student's t test. Differences were considered significant at p < 0.05.
